Abstract. The intranuclear cascade model INCL (Liège Intranuclear Cascade) is now able to simulate spallation reactions induced by projectiles with energies up to roughly 15 GeV. This was made possible thanks to the implementation of multipion emission in the NN, ∆N and πN interactions. The results obtained with reactions on nuclei induced by nucleons or pions gave confidence in the model. A next step will be the addition of the strange particles, Λ, Σ and Kaons, in order to not only refine the high-energy modeling, but also to extend the capabilities of INCL, as studying hypernucleus physics. Between those two versions of the code, the possibility to treat the η and ω mesons in INCL has been performed and this is the topic of this paper. Production yields of these mesons increase with energy and it is interesting to test their roles at higher energies. More specifically, studies of η rare decays benefit from accurate simulations of its production. These are the two reasons for their implementation. Ingredients of the model, like elementary reaction cross sections, are discussed and comparisons with experimental data are carried out to test the reliability of those particle productions.
Introduction
Nuclear reactions between a light particle (e.g. hadron) and a nucleus have been extensively studied. In the last twenty years, for incident energies from ∼100 MeV up to a few GeV, great improvements were obtained, as shown by the two international benchmarks carried out in mid-nineties [1, 2] and 2010 [3] . The studies of those reactions, which take place in space due to the cosmic rays as well as in accelerators, has been triggered mostly by transmutation of nuclear wastes. This explains the energy domain and the focus on residual nucleus and neutron production, even if light charged particles (proton, deuteron, ..., and also pion) were also studied. Some codes can already simulate those types of reactions for higher incident energies, taking into account other particles than nucleons and pions, since new particles appear when energy increases. Around say 10 GeV two groups of models can be used to reproduce these reactions. A first group includes the high energy models, often based on a String model (e.g. [4, 5] , from the TeV (or higher) down to a few GeV, and a second group with the BUU (e.g. [6, 7, 8] ), QMD (e.g. [9, 10, 11, 12] ) and intranuclear cascade (INC) (e.g. see Table 1 in [13] ) models where the extension to higher energies needs new ingredients.
This article is about the extension of the intranuclear cascade model INCL toward the high energies (10-15 GeV). In 2011 S. Pedoux and J. Cugnon [14] did the main part of the work by implementing the multiple pion production processes in the elementary interactions (NN, ∆N and πN). The idea rested on the two facts that i) when the energy goes up new particles are produced, i.e. especially new resonances, which will decay mainly in pions and nucleon in a time much shorter than the duration of the cascade, and ii) information on those resonances (masses, widths, related cross sections) are not always well known and moreover overlaps exist between resonances making the choice awkward. This multipion production model in INCL [15, 16] leads to good results regarding pion production [17] compared to experimental data and to other models.
Nevertheless, even though pions are the main particles produced, some others like η and ω mesons and the strange particles (kaons and hyperons) can appear as well. Implementation of these particles should not significantly change the global features of the reactions (residual nucleus, neutron and light charged particle production), but first this has to be confirmed, and second those particles can be new fields of study. Considering strange particles, hypernuclei can be then studied. While the implementation of kaons and hyperons is in progress in INCL and will be soon addressed in another paper, this one is dedicated to the η and ω mesons. The motivations, besides the completeness of the code, were the quantification of the role of η and ω on the pion production, the fact that they are sources of dileptons, which are probes of the nuclear matter, the need to get a good knowledge of η production to be able to study rare decays indicating violation of some special conservation laws ( [18, 19] ), and finally a necessary step toward the strange sector implementation.
The needed ingredients for the INCL code are discussed in sect. 2. The main ones are the elementary cross sections related to processes where those new mesons are involved (sects. 2.1 and 2.2), but decays and in-medium potentials are also addressed (sects. 2.3 and 2.4). Section 3 is devoted to the results obtained and compared to experimental data, with discussions and analyses related to the input ingredients. Conclusions are given in sect. 4.
Elementary ingredients
Necessary ingredients, when adding new particles in an INC code, in addition to the own properties (mass, charge), are elementary cross sections, decays and in-medium potentials. Reaction cross sections are used to simulate processes where the particle plays a role (production, absorption and scattering), and differential cross sections to characterize the output channels of those processes. The lifetime of the η (∼ 150000 fm/c) is much larger than the duration of the intranuclear cascade (around 70 fm/c), thus its decay is considered only at the end of the cascade, if it has been emitted from the nucleus. This is not the case of the ω (lifetime ∼ 23 fm/c), whose decay must be taken into account also during the cascade. Regarding the potential felt by particles in the nuclear medium, and relevant mainly at low energy, unfortunately few information are available. Those input ingredients are based on experimental data, and, when they are missing, on symmetries (e.g. isospin), models, hypotheses or extrapolations. The following sections describe in detail each topic.
Cross sections
Elementary reaction cross sections considered are those that characterize processes in which an η or an ω is involved. Then production of those particles is governed by the NN and πN interactions. Although there is much less π than nucleons, their related cross sections are almost one order of magnitude higher than those of nucleons. Once produced mesons can undergo elastic scattering, which is considered so as to better reproduce the multiple scattering, as well as absorption. Only absorption on one nucleon is accounted for.
Production
Particle production can be exclusive or inclusive, since, when energy increases, additional particles may be produced. This has been taken into account in NN reactions, but not in πN.
The parametrization of the η production cross section, via the πN reaction, is based on a fit of experimental data. The data used ( [20,?,?,?] ) are those studied in the paper of J. Durand et al. [24] , where their reliability was investigated. Equation 1 and fig. 1 give the results of the fit performed for σ(π − p → ηn) where the energy range was divided in several domains. The high energy domain (E cm ≥ 1714 MeV)) is function of the laboratory momentum, unlike the others which are function of the center of mass energy. Actually the parametrization of the high energy domain is the one of Cugnon et al. [25] , while the formula of the lower parts were defined to match at best the experimental data, especially around the resonance N(1535). The other σ(πN → ηN ) are derived from isospin symmetry.
(a i parameters are given in appendix A.1) E cm : MeV; P Lab : MeV/c; σ : mb
The parametrization used for σ(πN → ωN ) is an improved version of the one of Cugnon et al. [25] where a parameter was slightly modified (1.095 GeV changed by 1.0903 GeV) to better account for the threshold of the reaction (eq. 2). This is important for the reverse reaction, absorption, which is obtained with the detailed balance (see sect. 2.1.3). Figure 2 shows the result for σ(π − p → ωn). Cross section (mb)
Experimental data Parametrization Fig. 2 : π − p → ωN reaction cross section. Our parametrization is given by the red solid line and the experimental data are those from Landolt-Börnstein [26] (black points).
The situation is different with the NN reactions. The inclusive channel becomes quickly important and unfortunately experimental data are very rare. The case of η is discussed first and then the ω.
Considering the exclusive production, NN → NNη, experimental data for the pp channel allow a more or less reliable parametrization up to E cm ∼ 5 GeV. For the pn → pnη reaction the data available are only known close to the threshold and a scale factor, compared to the pp channel, of ∼ 6.5 appears [35] . This factor seems to exhibit the predominant role of an isovector exchange (π, ρ), since in this case a factor 5 is theoretically expected [28] . However, we performed our own parametrization. We aimed at matching the experiments at threshold and at considering that η production in the np reaction should be equivalent to the production in the pp reaction beyond the resonance region (we decided beyond 3.9 GeV). In-between we assumed that the shapes should be also not too different. The lack of experimental data and models for np → npη beyond the threshold drive us to those kinds of hypotheses. This has to be taken into consideration when analysing calculation results, since it could lead to significant uncertainties. Moreover, at threshold, the reaction pn → dη is dominant and thus must be taken into account. Since deuteron is not a degree of freedom in INCL, this cross section is just added to the pure pn channel (d = np). Equations 3, 4, and 5 give the parametrizations (a i and b i parameters are given in appendices A.2 and A.3). 
E cm : GeV; σ : µ b (when σ < 0 (E cm > 2.6 GeV), σ set to 0)
The inclusive reactions were studied elsewhere already, in particular in Sibirtsev et al. [29] where a parametrization can be found for the pp channel. Nevertheless, since this inclusive production parametrization differs from the exclusive one at threshold (approximatively up to 2.6 GeV in center of mass energy), we decided to use the Sibirtsev formula only beyond a given energy (chosen at 3.05 GeV) and to connect smoothly the two energy domains. The case of the np channel is once again a problem: there is no experimental data, nor available model. Our two rules here were first an inclusive cross section different of the exclusive one only above 2.6 GeV (like in pp) and second a similar cross section to pp beyond 6.25 GeV. Using two different values in the exclusive (3.9 GeV) and inclusive (6.25 GeV) cases from where the pp and np channels are supposed to give the same cross section is not totally satisfactory, but corresponds to reasonable compromise. The factor 6.5 observed from threshold up to almost 2.6 GeV seems hard to reduce to 1 at 3.9 GeV (as in exclusive case). These questionable points are discussed further in sect. 3. Formulas are given below (eqs. 6 and 7) and the cross sections (exclusive and inclusive) are plotted in fig. 3 . Now remains the question: what does X mean in the inclusive reactions? No experiment gives information on the content of X. Keeping in mind that η (and ω) production is much less important than pion production, and that, whatever the particle (resonance) created, most of the decay products are pions and nucleons, the X has been supposed to be "NN + xπ" in our study . In addition, this solution was straightforward to implement, because it is nothing but the multiple pion production mechanism already put in INCL [14] . This was of course possible because the η (and ω) isospin is 0 and keeps unchanged all equations based on the isospin symmetry concerning the multipion channels developed in [14] . Only the threshold of the various pion emission has been moved, due to the needed minimal energy for η production. The value, 581.437 MeV, has been determined from the comparison of our exclusive cross sections and the inclusive cross sections from [29] , and it corresponds to the center of mass energy, 2.6 GeV, where the two parametrizations separate from each other. Figure 4 shows the case of pn reactions with all the channels. 
E cm : GeV; σ: µb As said just previously the multiple pion mechanism is the one already applied in INCL and the one-pion emission in the isospin T=1 channel is governed by the ∆ resonance. This is possibly no more the case considering the energy when η (or ω) are produced, and the pion could be directly produced. Since the main goal is to give to the η a realistic energy, we assume that the number of associated pion is important, not the way to get them. Then, for sake of simplicity, the N N → N ∆η(ω) has been kept. Moreover, fig. 5 shows the particles, type and number, created when one η is produced by the Fritiof model used in GEANT4 and the comparison between this Fritiof model and our results Our parametrizations for the exclusive cases are fitted on experimental data and the ones for the inclusive cases are those of Sibirtsev [29] . Experimental data come from [30, 31, 32, 33, 34, 26] for the pp channel (red), [35] for the pure pn channel (blue), and [36, 37] for the deuteron channel (magenta). The figure on the right side is a focus on the low-energy part.
Center of mass energy (GeV) Cross section (mb) for the pion multiplicity associated with emission of an η shown in fig. 6 . Both results give confidence in the meaning of X, i.e. up to ∼ 15 GeV the final products associated to one η are two nucleons and pions, whose multiplicity of the latter grows with energy and is well reproduced by the multipion emission process. The curious shape, for INCL, around E cm = 4.5 GeV is only a consequence of the multiple pion cross section parametrization, and more precisely of the way the 4π emission channel starts at E cm ≈ 4.5 GeV, with a quick increase ( fig. 4) . A similar procedure has been applied to ω production. Equations 8 and 9 give parametrizations for the exclusive and inclusive processes in the pp channel. The formula given by Cassing [38] has been used for the exclusive case, except at threshold (below E cm = 3.0744 GeV) where a new fit has been produced to match better the experimental data. Regarding the inclusive process the formula of Sibirtsev [29] is applied above E cm = 4 GeV and between 2.802 GeV and 4 GeV a new parametrization has been used to take into account one experimental point from the HADES collaboration [42] . Below E cm = 2.802 GeV only the exclusive process occurs. For the np channel a factor 3, from the pp channel, has been applied (compared to the factor 6.5 in the η case). This factor is a bit arbitrary and relies on the experimental value of ∼3 obtained in [39] . Figure 7 compares the parametrizations to experimental data. Less attention has been paid to the ω meson, since unfortunately no experimental data exist on the production from a nucleus, as far as we know, and so no possibility to test INCL. Fig. 7 : pp → ω + X reaction cross sections. Exclusive and inclusive production are plotted. Our parametrization for the exclusive case is the dashed red line and for the inclusive case the dotted red line. Also plotted are the parametrizations of Cassing [38] (exclusive) and Sibirtsev [29] (inclusive). Experimental data come from [40, 41, 26] for the exclusive channel and [42] for the inclusive one. More details in text. 
E cm : GeV; σ: µb
Elastic scattering
Elastic scattering of η and ω on the nucleon is accounted for to treat better the energy spectrum and the final emission angle.
In the η case the elastic scattering parametrization is based on calculation results kindly provided by H. Kamano. He and his coworkers studied the πN → ηN reactions (up to a center of mass energy of 2.1 GeV) in the frame of a more general investigation of nucleon resonances within a dynamical coupled-channels model of πN and γN reactions [43] . The results they obtained compared to experimental data (e.g. for πN → ηN reactions) give confidence in their ANL-Osaka model and so in the extrapolation to other reactions like ηN → ηN . Our parametrization is based on polynomials and the energy range divided in three domains (eq. 10 where a i parameters are given in appendix A.4). Figure 8 shows the results also compared to three rare experimental data [44] . The comparison is quite satisfactory. Although the extrapolation beyond 1.5 GeV/c is questionable and can add uncertainties in the angular distributions, we expect low impacts on the results, because at those energies the elastic cross sections are low and the η's are scattered in the very forward direction (see sect. 2.2.2).
P Lab : MeV/c; σ: mb For ω the formula of Lykasov [45] has been chosen (eq. 11). Above P Lab = 10 GeV/c this parametrization is only an extrapolation, because it is supposed to be used only in the range 10 MeV/c -10 GeV/c. [43] are the blue squares. Experimental data from Dudkin [44] are plotted in black.
Absorption
The production rate of any particle can be well simulated only if the absorption is also considered. In the case of η and ω meson in the nucleus, absorption on the nucleons is obviously the main channel.
ηN → πN, ππN
As for the elastic scattering, our parametrizations for absorption reactions are based on calculation results of the ANL-Osaka model [43] . Actually, H. Kamano provided, in addition to the elastic cross section, the total cross section as well as three inelastic channels, i.e. one and two pions production (ηN → πN or ππN) and Kaon-Hyperon production (ηN → KY, Y=Λ or Σ). Since the strange particles are not yet implemented in INCL, only pion production channels are taken into account. This underestimates the inelastic and total cross section, but only above 500 MeV/c first, second in a reasonable amount up to 1500 MeV/c and third only up to the strange particles will be available in INCL (next step). Equations 12 and 13 give our parametrizations (a i and b i parameters are given in appendices A.5 and A.6) and fig. 9 shows comparisons between the ANL-Osaka model and our fits. It must be stressed that beyond 1 GeV (η energy) our cross sections are only extrapolations and thus any calculation result analysis must take it into consideration.
Concerning the ω meson we resorted to detailed balance for the ωN → πN reaction and obtained the ωN → ππN reaction by subtraction using a parametrization of Lykasov [45] for the inelastic reaction (σ ωN → ππN = σ Cross section (mb) Fig. 9 : ηp → X reaction cross sections. Our parametrizations are given by the lines and ANL-Osaka calculation results [43] by the marks.
Features of the reaction products
Whatever the reaction, the final state must be characterized, i.e. type, energy and direction of the particles defined. In this topic the reactions are divided into two families according to the number of particles in the output channel: two or more. When only two particles exist, the charges are either obvious or obtained randomly from the Clebsch-Gordan coefficients and their energies in the center of mass are given by the laws of conservation of energy and momentum. Regarding the direction, if no information is available, isotropy is assumed, while, if experimental data or calculation results (single or double differential cross sections) exist, parametrizations of the emission angles are drawn. For the cases with three or more particles, the charge of particles is obtained either with the Clebsch-Gordan coefficients or, when it is not possible, from models assuming hypotheses to remove ambiguities. Energies and directions are derived from a phase-space generator.
While a few information exist for η, almost nothing for ω. Therefore, in the case of the ω meson, we assume isotropy for two particles, and use a phase-space generator when three or more particles are produced. Regarding the η meson, more details are given in the following sections, according to the type of the reaction.
Production
The η meson is produced through πN and NN reactions. While more than one particle can be associated to the η with increasing energy, we consider only two particles in the final state for the πN case, for lack of information.
πN → ηN
In this type of reaction only the direction of the emitted particles must be defined, energies being given by energy and momentum conservation. A parametrization of the cosine of the η has been based on experimental data. It is given below and some examples are shown in fig. 10 . The result obtained at low energy (left upper part of fig. 10 ) is assumed to be good enough, because at those energies emission is almost isotropic. It must be reminded that only the shape is relevant, since the cosine is drawn from the distribution.
Below E cm = 1650 MeV, the cosine distribution parametrization is a 1 cos 2 θ + b 1 cosθ + c 1 , with Nucleon-Nucleon interactions can produce exclusive or inclusive (x =0 or ≥ 1) η meson. The latter case has been explained in sect. 2.1.1. In all cases more than two particles exist in the final state and a phase-space generator is used to characterize each particle. This choice is exactly the same as the one used in the multiple pion case (NN → NN+yπ, with y ≥ 1). However, one already know that the use of a phase-space distribution is possibly not the best solution, as mentioned in the article of Vetter et al. [47] where they compared the η energy distributions in the reaction pp → ppη coming from a phase-space assumption and from an effective one-boson exchange model. Conclusions were that the phase-space distributions give more energy to the η meson. This point must be kept in mind when analyzing calculation results.
Regarding the charge repartition, the procedures used for the multipion case can also be applied to the η meson, because this latter has a spin equal to 0. Those procedures are based on isospin symmetries, G-parity and models, with assumptions when constraints were needed. This has been explained, in further detail, in [14] and references therein.
Finally the case of NN → N∆η is treated in the same way as NN → NNη, except that the mass of the ∆ is chosen at random in a distribution as done for NN → N∆ [48] .
Elastic scattering ηN → ηN
A parametrization of the cosine in the center of mass of the η has been based on calculation results of the ANL-Osaka model [43] , already mentioned in previous sections. H. Kamano provided us with cosine distributions for several momenta of the η, up to 1400 MeV/c, from which a parametrization was obtained. Below an η momentum of 250 MeV/c, emission is considered as isotropic, and above a polynomial form is used:
The a i (P Lab ) are given in appendix B, and some examples of cosine distribution shown in fig. 11 .
Absorption ηN → πN
The π cosine has been parametrized as the η for the reaction ηN → ηN, here again thanks to calculations results from the ANL-Osaka model [43] . The only difference is that no isotropy was assumed below a given energy. Then a similar polynomial form was used and the parameters are given in appendix C and some examples are shown in fig. 12 . 
Decays
The decay channels taken into account for η and ω are those with a branching ratio larger than 1%. These branching ratios are taken from the Particle Data Group [49] , with obviously a renormalization to reach 100%. Thus the channels implemented are γγ (39.72%), 3π 0 (32.93%), π + π − π 0 (23.10%) and π + π − γ (4.25%) for the η meson, and π + π − π 0 (90.09%), π 0 γ (8.36%) and π + π − (1.55%) for the ω meson. Isotropy is considered when two particles are emitted, otherwise a phase-space generator is used.
Potentials
No consensus exists on the η-Nucleus potential. Numerous values are listed in a paper of Zhong et al. [50] and they go from -26 MeV up to -88 MeV. Moreover a theoretical study [51] discusses the η potential in the nucleus through chiral models, with values compatible with the ones previously mentioned (except in one case where this potential is repulsive in the core with an attractive part on the border), and with a dependence with the position in the nucleus. In the present version of INCL the dependence with the position is difficult to implement, therefore, as it will be shown in sect. 3 , three values have been tested: 1.5 V π 0 , V π 0 and 0 (where V π 0 = -30.6 MeV). Finally a potential equal to zero has been chosen. This choice is explained in sect. 3.
Concerning the ω meson, some values can be found in literature. However, unlike η, no experimental data helped us to decide which value seemed more suitable. Then the choice is up to now arbitrary and we assigned an attractive potential of -15 MeV (from [52] ), even if other values are proposed, as -29 MeV from [53] .
Results and Discussion
Available data concerning η and ω mesons production from a nucleus hit by a light particle are scarce. While some measurements exist for the η, nothing has been published to our knowledge about the ω. Before discussing η production capabilities of our new version of INCL, fig. 13 shows the impact of considering η and ω on the π production. Previous results of INCL [17] regarding the HARP measurements [54] were good, but with a deficiency in the 200 MeV/c -400 MeV/c momentum region. With the decay of η and ω in π released latter, and so shielded from absorption in the nucleus, one aimed at testing if this could explain the deficiency in π emission. The result is clear, η and ω production has no impact on pion production. Experimental data for only three cases of η productions have been found and used to benchmark INCL. The first set deals with the production at threshold with the reaction π + (680 MeV/c)+Nucleus [55] . Figure 14a shows the production of η for several targets from carbon to lead. In this low-energy case the potential felt in the nucleus by the η plays a significant role in the production yield and the spectrum, thus three values has been tested: 0, -30.6 MeV (the π 0 potential used in INCL) and -45.9 (which is the π 0 potential multiplied by 1.5). For these data the best result is obtained with no η potential. This result is possibly related to the place where the η's are produced in the nucleus. Those measurements are performed in the forward direction (θ η < 30
• ), then the detected η comes probably from the border of the nucleus, undergoing few secondary scatterings. Therefore the value 0 for the potential is consistent with the predictions of [51] . Figure 14b gives the η spectrum in the forward direction (θ η < 30
• ) for the reaction π + (680 MeV/c) + 12 C. Here again the three values for the potential are shown and again the value 0 gives the best result.
The same kinds of experimental measurements with 1 GeV proton-induced reactions have been used, but here at a subthreshold energy. Figure 15a shows the production for different targets from lithium to gold, still in the forward direction (θ η < 40
• ), but also with a cut-off in energy (30 MeV ≤ T η ≤ 100 MeV). The spectrum is shown in fig. 15b , with θ η < 20
• . In this case our calculation results are not too bad, but less good than in the previous case. In addition it is difficult to disentangle between the potentials. Actually, the projectile energy is below the η production threshold, which makes the production mechanism strongly dependent on the Fermi momentum and then more tricky to analyse.
The last comparisons with experimental data deal with a HADES experiment where transverse momenta and rapidities of η's were measured in the reaction p(3.5 GeV) + Nb [56] . Figure 16a shows the transverse momenta obtained by our version of INCL and compared to the HADES measurements, as well as contributions of the elementary production processes. INCL fits well the experiment, with a slight overestimate of the momenta between 0.4 GeV and 0.8 GeV. For the highest momenta the experimental error bars are large and our statistics too low to say more than INCL give reasonable results even at those energies. It must be reminded here that the cross section of some elementary processes have been only roughly estimated, due to a lack of experimental data. This is especially the case for the production from np reactions, typically in the inclusive case, and this channel appears here as the main one, in particular at low momenta ( fig. 16b) . The little overestimate, in intermediate energies, could come from the np reactions (exclusive and inclusive), which were estimated with difficulty in this energy range, as explained in sect. 2.1.1 and as seen in fig. 3 . Moreover, as said in sect. 2.2.1, the energies of the η's coming from nucleon-nucleon reactions are maybe too high, what could also explain the overestimate in the region around 0.7 GeV/c. On the contrary, the high energy part is due largely to the πN reactions ( fig. 16b ) and in this case one can trust the cross sections used in INCL, mostly based on measurements. The pp and nn channels play a minor role ( fig. 16c ), due to lower elementary cross sections. Those transverse momenta are in the end well simulated considering the uncertainties of the ingredients. This is true for the spectrum discussed just above, and also for the integrated inclusive η multiplicity per p + Nb collision in the accepted rapidity range (0.2 ≤ y ≤ 1.8); The value calculated by INCL, 0.0384, is high but compatible with the one measured by HADES, 0.031 ± 0.002 ± 0.007.
Regarding the rapidity (y), the results shown in fig. 17a are once more correct. Here again contributions are displayed ( fig. 17b-17c) . While INCL matches the HADES measurements for the low rapidities (below y=1.2), it overestimates the highest ones (above y=1.2). This would indicate that the η's are emitted too much in the forward direction. While at low energy there are two channels which contribute, i.e. πN and np inclusive, the high energy part is due to the np reactions (inclusive and exclusive) and inclusive pp. Here again it seems that the nucleon- 
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Only pp and nn exclusive
Only pp and nn inclusive (c) Fig. 16 : η transverse momentum distributions dN/dp ⊥ in the p(3.5 GeV) + Nb reaction within the HADES rapidity range (0.2 ≤ y ≤ 1.8). INCL results are the lines and experimental data from [56] . (a) is the final result (all contributions), (b) contributions from elementary np and πN channels and (c) contributions from pp and nn channels. Contribution means a calculation result considering only a specific channel for η production. This can explain, when the statistics is low (low yield), that a contribution can be higher than the sum of all contributions (a).
nucleon reactions modeling can be improved and mainly for the energy given to the η, since this rapidity distribution corroborates, at least for the exclusive part, the results of Vetter [47] showing that a pure phase-space distribution is not satisfactory to account for these data. contributions from pp and nn channels. Contribution means a calculation result considering only a specific channel for η production. This can explain, when the statistics is low (low yield), that a contribution can be higher than the sum of all contributions (a).
Conclusion
In this paper we discuss the new implementation of η and ω mesons in the Liège intranuclear cascade model (INCL). The first motivation was the study of the role of those particles with increasing energies . The second one was to enable INCL to simulate their production yields, especially for the η, whose rare decays are still studied. Basic input ingredients are the elementary cross sections. As far as possible parametrizations are based on experimental data, but models are sometimes needed and in some places very large uncertainties remain. Those points are studied here to get a better analysis of the final calculation results and also to stress the need of new measurements. The production by πN interactions is based on experimental data and can be considered as reliable. Improvements could be done beyond a pion energy of 2.7 GeV for the η and of 12 GeV for the ω where we use extrapolations. The meson emission angle is based on experimental data for the η up to a pion energy of ∼1.4 GeV, and our parametrization could lead to not enough forward peaked η's for higher energies. An isotropic emission is assumed for the ω. However, the main question about this production mode is the role and weight of the inclusive channel. It has not been taken into account due to a lack of information, but its role should increase with energy. The production by nucleon-nucleon interactions is less reliable than with πN interactions. Although in this case the inclusive channels are accounted for, we coped with several difficulties. First, those latter are only based on a model and only for the pp reaction. The np case is defined with hypotheses. Second, the exclusive channels are certainly based on experimental data, but, for the np case, only close to the threshold. This is for the η, because for the ω, if the same philosophy has been adopted, less refinements were considered, since unfortunately no experiment exists on the ω production from a nucleus. In addition, a phase-space generator is used to give the characteristics of the emitted mesons and probably, at least in the exclusive case, a dedicated model should give more realistic results. The elastic channel seems reasonnably parametrized, at least for the η, and should not be a problem. Absorption is considered only on the nucleon and one and two-pion emissions are the two channels accounted for here. Concerning the η, up to an incident energy of ∼900 MeV, cross sections are based on calculation results of a model, and beyond, the two-pion case is assumed to be equal to the one pion case, obtained thanks to the detailed balance. For the ω the detailed balance is used on the entire energy range for the one pion channel. The two-pion cross section is obtained by the difference between the total inelastic cross section (from a published parametrization) and the one pion channel. Here again there is room for improvements, especially when energy goes up.
While the input ingredients are not known as well as we could expect, INCL gives interesting calculation results on the η production from a nucleus. Few experiments were performed on this type of observable and INCL was benchmarked on two experiments at low energy, close to the production threshold, and on one at higher energy. The low-energy experiments enable us to decide on the value of the in-medium potential felt by the η. The results were not bad at all with a potential equal to zero. This a priori curious value, could be due to the fact that, within the experiments considered here, the η is produced at the surface of the nucleus. The HADES collaboration obtained data with a higher energy reaction, p(3.5 GeV) + Nb, and here again the results are rather good. One clear deficiency is that our η's are too much emitted in the forward direction. This is possibly due to the phase-space generator used to define the characteristics of the final state when more than two particles are involved.
The implementation of the η and ω mesons in an INC code suffers from lack of information regarding some elementary processes. Nevertheless, by using all available data drawn from experiments and models, the ingredients put in INCL allow to obtain good results compared to the scarce experimental data on η production. Dedicated experiments both on elementary processes and on production from a nucleus are more than welcome. This INCL version with those two mesons is available in GEANT4.
A Polynomial parameters used in some cross sections parametrizations 
